Background: LKB1 is an important serine/threonine kinase with key roles in cancer and metabolism. How LKB1 is regulated remains unclear. Results: LPS induced S-nitrosylation of LKB1, resulting in its proteasomal degradation, which aggravated LPS-induced mortality in mice in vivo. Conclusion: LPS induces LKB1 degradation through S-nitrosylation in macrophages. Significance: We have unveiled a novel mechanism for regulating LKB1 stability.
NO is an important gaseous signaling molecule involved in many physiological processes, including cognitive function, synaptic plasticity, hormone secretion, and neurotransmission in the central nervous system (1) , as well as in maintaining vas-cular homeostasis (2) . NO is also a principle bactericidal mediator, which is produced primarily by inducible NOS (iNOS) 2 upon LPS stimulation in macrophage cells as part of the immune response. There is increasing evidence that NO can act by directly modifying cysteine residues on target proteins. Cysteine nitrosylation (S-nitrosylation) is now regarded as a selective and specific signal controlled by cellular NO and has been closely associated with protein localization, stability, and function (3) (4) (5) (6) (7) . LKB1 (liver kinase B1) is a serine/threonine kinase that was first identified as a tumor suppressor responsible for Peutz-Jeghers syndrome (8, 9) . It has been implicated in a wide range of processes such as cardiac function, angiogenesis, and glucose homeostasis (10 -12) . In a previous study, we found that LKB1 inhibited LPS-induced NF-B activation in macrophages (13) , which revealed a novel function of LKB1 in innate immune responses. However, how LKB1 is regulated during physiological and pathological conditions remains unknown.
LKB1 can undergo many different post-translational modifications, which influence its structure and activity. LKB1 can be phosphorylated on at least eight residues (14) , and its phosphorylation at Ser-428 and Ser-307 was found to regulate its nucleocytoplasmic transport and activation (15, 16) . LKB1 can also be acetylated, and its acetylation status is closely associated with its cytosolic localization and activity (17, 18) . Recently, the reactive lipid species 4-hydroxy-trans-2-nonenal was also found to covalently modify LKB1 in its activation loop and thereby inhibit its activity (19) . However, other post-translational modifications, especially those associated with LKB1 stability, have been less investigated. Here, we report that LPSinduced S-nitrosylation of LKB1 at Cys-430 promoted its ubiquitination and degradation.
Experimental Procedures
Reagents-LPS (Escherichia coli 0111:B4) and cycloheximide were obtained from Sigma-Aldrich. Protein A-Sepharose CL-4B beads were form GE Healthcare. S-Nitroso-L-glutathione (GSNO), S-methylisothiourea sulfate (SMT), and (S)-MG132 were from Cayman Chemical Co. (Ann Arbor, MI). Antibodies against iNOS were purchased from Abcam (Cambridge, MA). Antibodies against LKB1, ubiquitin, GAPDH, and actin were from Santa Cruz Biotechnology (Dallas, TX). Recombinant LKB1 protein was provided by Dr. Dietbert Neumann (Maastricht University, Maastricht, The Netherlands).
Cell Culture-RAW 264.7 macrophages were cultured in Dulbecco's modified Eagle's medium containing 10% heat-inactivated FBS, 100 units/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine in a humidified atmosphere of 5% CO 2 at 37°C. Resident peritoneal macrophages were isolated as described previously (20) . Peritoneal cells were collected and cultured in RPMI 1640 medium supplemented with 10% FBS for 1 h at 37°C. Non-adherent cells were then removed by gently washing three times with warm PBS.
Cell Transfections-For transfection of siRNAs, cells at 30 -50% confluency were transfected using Lipofectamine RNAiMAX reagent (Invitrogen) following the manufacturer's protocol. For transfection of plasmids, the Amaxa Nucleofection system (Lonza, Köln, Germany) was used.
Animals-Myeloid-specific LKB1 knock-out (KO) mice were generated as we described previously (13) . All mice were housed in a controlled environment (20 Ϯ 2°C, 12-h/12-h light/dark cycle) and maintained on a standard chow diet with free access to water. The animal protocol was reviewed and approved by the Animal Care and Use Committee of the University of Oklahoma Health Sciences Center.
Immunoprecipitation and Immunoblotting-Cells were lysed with radioimmune precipitation assay buffer (Santa Cruz Biotechnology) containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml aprotinin, 1 mM Na 3 VO 4 , and 10 mM NaF. Lysates were centrifuged at 10,000 ϫ g for 10 min at 4°C. Protein concentration was measured using the BCA protein assay (Bio-Rad). Cleared lysates were incubated overnight with the indicated antibodies and for 1 h with protein A-Sepharose beads. The pellets were then washed five times with ice-cold lysis buffer and resuspended in SDS sample buffer. Eluted immunoprecipitates or whole cell lysates were separated by SDS-PAGE and analyzed by immunoblotting.
Biotin Switch Assay-S-Nitrosylated proteins were detected using an S-nitrosylated protein detection assay kit (Cayman Chemical Co.). Briefly, free thiols were first blocked by incubation with thiol-specific methylthiolation reagent. Nitrosothiols were then selectively decomposed and labeled with biotin maleimide. Biotinylated proteins were detected using avidincoupled reagents.
Plasmid Construction and Transfection-The LKB1 C430S mutant was generated using a QuikChange II site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. The specific primers for site-directed mutagenesis were as follows: forward, 5Ј-CGGCTGTCGGCCTCCAAGCA-GCAGTGA-3Ј; and reverse, 5Ј-TCACTGCTGCTTGGAGG-CCGACAGCCG-3Ј. The mutation was verified by DNA sequ-encing. The Amaxa Nucleofection system was used for transfection of RAW 264.7 cells.
Statistical Analysis-Data are presented as the means Ϯ S.E. of at least three independent experiments. The statistical significance of differences between two groups was analyzed by Student's t tests. Values of p Ͻ 0.05 were considered statistically significant.
Results

LPS Induces LKB1 Loss in Macrophages-
To determine the effect of LPS on LKB1 expression, RAW 264.7 macrophages were treated with LPS for different time periods. As shown in Fig. 1 (A and B) , LKB1 protein expression was decreased to 73 and 32% of control levels at 12 and 24 h, respectively, after LPS treatment. This expression was further decreased to 20 and 15% of control levels at 36 and 48 h, respectively, after LPS treatment. These results suggested that LPS induced LKB1 loss in a time-dependent manner. We further treated RAW 264.7 cells with different doses of LPS for 24 h. As shown in Fig. 1 (C and D), LPS also down-regulated LKB1 expression in a dose-dependent manner. Concentrations of LPS as low as 1 ng/ml were found to significantly induce LKB1 loss after 24 h. These results suggested that LPS suppressed LKB1 levels in macrophages.
LPS Induces LKB1 Loss via Proteasome-dependent Degradation-To further determine the times at which LPS downregulates LKB1 expression, the mRNA levels of LKB1 were measured by real-time PCR. As shown in Fig. 2A , LKB1 mRNA expression was mildly decreased after 4 h of LPS treatment; however, it returned to normal levels after 8 h of treatment and remained unchanged thereafter. These results suggested that LPS-mediated LKB1 suppression was unrelated to LKB1 mRNA levels. Therefore, we further examined the protein stability of LKB1. To this end, RAW 264.7 cells were treated with the protein synthesis inhibitor cycloheximide in the absence or presence of LPS. In cycloheximide-treated cells, LKB1 protein was gradually reduced over 12 h (Fig. 2, B and C) . At 12 h of cycloheximide treatment, LKB1 was decreased to 20% (Fig. 2, B and C). In the absence of LPS, the half-life of LKB1 was 5.2 h. As shown in Fig. 2 (B and C) , LPS significantly accelerated LKB1 reduction, and the half-life of LKB1 was decreased to 2.6 h in the presence of LPS. Because LKB1 was reported to be ubiquitinated (21), we further investigated whether LPS promotes LKB1 ubiquitination. RAW 264.7 cells treated with or without LPS were analyzed for ubiquitination. As shown in Fig. 2D , LPS treatment dramatically enhanced the ubiquitination of LKB1. In addition, treatment with MG132 (0.5 M), a potent proteasome inhibitor, reversed LPS-induced LKB1 loss ( Fig. 2E ). Taken together, these data suggested that LPS promoted LKB1 ubiquitination, resulting in its proteasome-dependent degradation.
LPS Induces LKB1 Degradation and Is NO-dependent-As shown in Fig. 3A , the expression of LKB1 was negatively associated with the levels of iNOS protein present in response to LPS. We thus hypothesized that iNOS-derived NO plays a role in mediating LKB1 degradation. To test this hypothesis, SMT was used to inhibit iNOS activity in cells. As shown in Fig. 3B , SMT abrogated LPS-induced nitrite production. Consistent with these results, SMT ablated LPS-induced LKB1 degradation ( Fig. 3D ). To rule out the possibility of nonspecific effects of SMT, RAW 264.7 cells were transfected with scrambled or iNOS-specific siRNA. As shown in Fig. 3 (E and F), iNOS siRNA dramatically decreased LPS-induced iNOS expression and cellular nitrite production compared with control siRNA. Consistent with these results, iNOS siRNA significantly increased LKB1 protein levels after 24 h of LPS treatment compared with control siRNA (Fig. 3, F and G) . In contrast, treatment with the physiological NO donor GSNO induced LKB1 loss in a dosedependent manner (Fig. 3, H and I) . Overall, these data suggested that the LPS-induced LKB1 loss was NO-dependent.
LKB1 Can Be S-Nitrosylated-NO has been reported to regulate protein stability via S-nitrosylation of targets (22) . As our results indicated that the LPS-induced LKB1 loss was NO-dependent, we next investigated whether LKB1 can be S-nitrosylated. Recombinant LKB1 proteins were incubated with light-exposed GSNO (degraded GSNO) or fresh GSNO, and S-nitrosylation of LKB1 was examined using the biotin switch assay. As shown in Fig. 4 (A and B) , fresh GSNO treatment significantly increased S-nitrosylation of LKB1 compared with degraded GSNO used as a control. Furthermore, RAW 264.7 cells were treated with GSNO and examined for Snitrosylated LKB1. As shown in Fig. 4 (C and D) , GSNO significantly increased S-nitrosylated LKB1 levels in macrophage cells. Next, we investigated S-nitrosylation of LKB1 in LPStreated cells. As shown in Fig. 4 (E and F) , LPS significantly increased the ratio of S-nitrosylated LKB1 and total LKB1 protein levels. These results indicated that LKB1 could be Snitrosylated by LPS-induced NO effects.
To further identify which cysteine residue are responsible for S-nitrosylation of LKB1, the LKB1 protein sequence was analyzed using the S-nitrosylation site prediction software GPS-SNO 1.0 (23) . As shown in Fig. 4G , a single site (Cys-430) in the human LKB1 sequence (Cys-433 in the mouse sequence) was identified. To determine whether Cys-430 is the target for S-nitrosylation, we constructed an LKB1 mutant plasmid with Cys-430 replaced by Ser (C430S). The WT and mutant LKB1 plasmids were introduced into RAW 264.7 cells by electrotransfection. Transfected cells were treated with or without LPS, and cell lysates were prepared and analyzed for S-nitrosylated LKB1. As shown in Fig. 4H , LPS dramatically increased the level of S-nitrosylated LKB1 in RAW 264.7 cells transfected with WT LKB1, but not in cells transfected with the C430S mutant, indicating that Cys-430 in LKB1 is the site for S-nitrosylation.
S-Nitrosylation of LKB1 Regulates Its Ubiquitination and Degradation-As shown in Fig. 4E , LPS-increased S-nitrosylation preceded the degradation of LKB1, suggesting a role for S-nitrosylation in regulating LKB1 protein stability. Therefore, we next investigated the ubiquitination of WT LKB1 and the C430S mutant in response to LPS. As shown in Fig. 4I , LPS increased the level of detectable ubiquitinated LKB1 in cells transfected with WT LKB1. In contrast, LPS did not alter LKB1 ubiquitination in cells transfected with the C430S mutant. Consistently, LPS induced degradation of WT LKB1, whereas mutation of Cys-430 prevented this degradation. Taken together, these results indicated that S-nitrosylation regulated LKB1 protein stability in macrophage cells.
LPS Induces S-Nitrosylation and Degradation of LKB1 in Macrophages in Vivo-We next investigated whether LPS promotes LKB1 degradation via S-nitrosylation in vivo.
To this end, LKB1 protein levels were monitored in peritoneal macrophages isolated from mice challenged by injection of PBS or LPS. As shown in Fig. 5 (A and B) , LPS challenge significantly decreased LKB1 protein levels in peritoneal macrophages. Additionally, LPS challenge significantly increased S-nitrosylation and ubiquitination of LKB1 in peritoneal macrophages in mice (Fig. 5, C and D, respectively) . Pretreatment of mice with the iNOS inhibitor SMT (Fig. 5, E and F) and the proteasome JULY 31, 2015 • VOLUME 290 • NUMBER 31
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inhibitor MG132 (Fig. 5, G and H) dramatically prevented LPSinduced LKB1 degradation in vivo. These data suggested an important role of S-nitrosylation in regulating LKB1 levels in vivo.
Preventing LKB1 Degradation Protects Mice from LPS-induced Death-We investigated if LKB1 loss in macrophages affects mouse mortality induced by LPS. To this end, WT and macrophage-specific LKB1 KO mice were challenged with lethal doses of LPS. As shown in Fig. 6A , LKB1 KO mice had a significantly lower survival rate than WT mice, suggesting that macrophage LKB1 protects mice from LPS-induced death.
As LKB1 was degraded by the S-nitrosylation-dependent proteasome pathway, we next examined whether preventing its degradation improves mouse survival during LPS challenge. To achieve this, mice were pretreated with PBS or the iNOS inhibitor SMT and then challenged with LPS. As shown in Fig. 6B , mice pretreated with SMT showed a significantly improved survival rate when challenged with LPS. We further pretreated mice with dimethyl sulfoxide or the proteasome inhibitor MG132, followed by LPS challenge. As shown in Fig. 6C , mice pretreated with MG132 also showed a significantly improved survival rate when challenged with LPS. These data indicated that preventing LKB1 degradation protected the mice from LPS-induced death.
Discussion
LKB1 is an important kinase regulating tumor growth, energy metabolism, cardiovascular functions, and immune responses. Here, we have reported a novel modification of LKB1 protein that regulates its stability. We observed that LKB1 was degraded by LPS and that this degradation was NOdependent. Mechanistically, we found that NO induced S-nitrosylation of LKB1 at Cys-430. Mutation of Cys-430 abrogated LPS-induced S-nitrosylation, ubiquitination, and degradation. Finally, we found that mice lacking LKB1 in macrophages had a higher death rate in response to LPS challenge, whereas preventing LKB1 degradation using a proteasome . LKB1 can be S-nitrosylated, and S-nitrosylation of LKB1 regulates its ubiquitination and degradation. A, recombinant LKB1 protein was incubated with degraded or fresh GSNO (100 nM) for 30 min. After removal of the residual GSNO, protein samples were subjected to biotin switch assays, further immunoprecipitated with anti-LKB1 antibodies, and detected with anti-biotin antibodies. SNO-LKB1, S-nitrosylated LKB1. B, quantification of LKB1 protein levels as in A (n ϭ 3). *, p Ͻ 0.05 versus degraded GSNO control. C, RAW 264.7 cells were treated with or without GSNO (500 nM) for 12 h and then subjected to biotin switch assays. Dissolved protein samples were immunoprecipitated with anti-LKB1 antibodies and detected with anti-biotin antibodies. The total levels of LKB1 in dissolved protein samples were also detected. D, quantification of S-nitrosylated LKB1/LKB1 ratio as in C (n ϭ 6). ***, p Ͻ 0.001 versus control. E, RAW 264.7 cells were treated with LPS for different time periods and then subjected to biotin switch assays. F, quantification of S-nitrosylated LKB1/LKB1 ratio as in E (n ϭ 6). *, p Ͻ 0.05 versus 0-h control; #, p Ͻ 0.01 versus 0-h control. G, predictions of S-nitrosylated sites in mouse and human LKB1 protein sequences using GPS-SNO 1.0 software. H, RAW 264.7 cells were transfected with WT or C430S mutant plasmid for 24 h and treated with or without LPS for 12 h. Cells were then subjected to biotin switch assays and further examined for S-nitrosylated and total LKB1 levels. The blot is representative of three blots from three individual experiments. I, RAW 264.7 cells transfected with WT or C430S mutant plasmid for 24 h were treated with or without LPS for 16 h. Whole cell lysates were immunoprecipitated (IP) with anti-LKB1 antibodies and stained with anti-ubiquitin (Ub) or anti-LKB1 antibodies. The blot is representative of two blots from two individual experiments. IB, immunoblot. J, RAW 264.7 cells transfected with WT or C430S mutant plasmid for 24 h were treated with or without LPS for 24 h. Cell lysates were then subjected to Western blot analysis for LKB1 expression. The blot is representative of three blots from three individual experiments.
FIGURE 5. LPS induces S-nitrosylation and degradation of LKB1 in macrophages in vivo.
A, C57BL/6 mice were intraperitoneally injected with PBS or LPS (20 mg/kg) for 24 h, and peritoneal macrophages were then isolated and lysed for Western blotting. Three mice were used in each group, and two individual experiments were performed. B, quantification of LKB1 protein levels as in A (n ϭ 6). **, p Ͻ 0.01 versus PBS control. C, C57BL/6 mice were injected with thioglycollate for 3 days and then challenged with PBS or LPS for 12 h. Peritoneal macrophages from five mice were pooled together for biotin switch assays. The blot is representative of two individual experiments. SNO-LKB1, S-nitrosylated LKB1. D, C57BL/6 mice were injected with thioglycollate for 3 days and then challenged with PBS or LPS for 16 h. Cell lysates of peritoneal macrophages were immunoprecipitated (IP) with anti-LKB1 antibodies and stained with anti-ubiquitin (Ub) antibodies. The blot is representative of three blots from three individual experiments. IB, immunoblot. E, mice were pretreated with PBS or SMT (10 mg/kg) for 1 h and then challenged with LPS (10 mg/kg) for 12 h. Peritoneal macrophages were isolated and analyzed for LKB1 expression. F, quantification of LKB1 protein levels as in E (n ϭ 3). ***, p Ͻ 0.001 versus control. NS, not significant. G, mice were pretreated with dimethyl sulfoxide or MG132 (10 M/kg) for 1 h and then challenged with LPS (10 mg/kg) for 12 h. Peritoneal macrophages were isolated and analyzed for LKB1 expression. H, quantification of LKB1 protein levels as in G and E (n ϭ 3). ***, p Ͻ 0.001 versus control. JULY 31, 2015 • VOLUME 290 • NUMBER 31 inhibitor significantly improved survival. Overall, our results demonstrate for the first time that LKB1 is degraded under pathological conditions through components of the Snitrosylation-dependent proteasome pathway.
LKB1 and S-Nitrosylation
LKB1 is ubiquitously expressed in embryonic and adult tissues and is thought to be constitutively expressed, with its function carried out exclusively through regulation of its kinase activity. However, our results indicated that LKB1 can be regulated at the protein level, which plays a critical role in affecting LKB1 function. This was consistent with previous studies suggesting that LKB1 protein expression is regulated. For example, sex hormones such as androgen and estrogen were reported to regulate LKB1 gene expression through affecting LKB1 promoter activity (24, 25) . SIRT1, a conserved NAD ϩ -dependent deacetylase implicated in delayed aging, was found to promote deacetylation, ubiquitination, and proteasome-mediated degradation of LKB1 (26) .
In this study, we demonstrated that LKB1 was degraded by LPS via components of the S-nitrosylation-dependent proteasome pathway. S-Nitrosylation is a NO-mediated modification of protein cysteine residues. NO production has been found to be increased in many infectious diseases (27) (28) (29) and in a variety of other human disorders such as ischemia/stroke (30) and tumor growth (31) . In addition, oxidants such as oxidized LDL and hydrogen peroxide were found to either increase iNOS expression or up-regulate iNOS enzyme activity and NO levels (32) (33) (34) . Therefore, our study suggests that NO-mediated S-nitrosylation of LKB1 may represent a general mechanism in various diseases.
Importantly, we found that mice lacking LKB1 in macrophages were much more sensitive to LPS challenge and had a higher rate of death, suggesting a protective role of LKB1 in LPS-induced septic shock. We reported previously that LKB1 suppresses LPS-induced NF-B activation and pro-inflammatory responses (13) . LKB1 deficiency in macrophages results in increased production of pro-inflammatory cytokines, enzymes, and other mediators (13) . Excessive production of these mediators leads to tissue injury, organ failure, and even death (35) . Therefore, the increased death of LKB1-deficient mice may be due to the excessive production of proinflammatory mediators through overactivation of the NF-B signaling pathway. More importantly, preventing LKB1 degradation by iNOS inhibitors and proteasome inhibitors was found to protect mice from LPS-induced death. This result suggests that therapeutic agents that modulate LKB1 stability may potentially contribute to future clinical treatments.
In summary, we have demonstrated for the first time that LKB1 is S-nitrosylated by NO, which promotes its proteasomal degradation. Preventing LKB1 loss through inhibiting Snitrosylation or proteasome activity may constitute a viable strategy for treating LPS-induced septic shock and possibly other disorders associated with increased NO production. 
